Bacterial pathogenicity to plants and animals has evolved through an arms race of attack and defense.
Results and Discussion
avrPphB Is Located on a Genomic Island that Shares Features with Both ICElands and PAIs A good example of the coevolution of host and pathogen is found in the economically important halo-blight disease of the common bean (Phaseolus vulgaris L.) caused by Pseudomonas syringae pv. phaseolicola (hereafter Pph, [8] ). Currently, nine races of Pph are identified based on their interactions with a set of eight differential bean cultivars, and five pairs of resistance and avirulence genes have been postulated to explain the genefor-gene interactions [8, 9] . Three of the avirulence genes, avrPphB, avrPphE, and avrPphF, have been cloned based on their ability to cause the HR in cultivars carrying the matching dominant genes for resistance R3, R2, and R1, respectively [9, 10] . Race change from pathotype 4 to 2 has been recorded through deletion of avrPphB. Jackson et al. [11] isolated a variant from an in vitro culture of the race 4 strain 1302A that had lost avrPphB. Removal of avrPphB from the new strain (named RJ3) was due to the excision of a large, >40 kb chromosomal region bordered by tRNA lys genes. We sequenced the deletion by using overlapping cosmid clones spanning the chromosomal region containing avrPphB in 1302A [9] .
A region of 105,966 bp deleted from 1302A to generate strain RJ3 [11] was identified as a discrete genomic island that we named PPHGI-1. Delineating the island are 52 bp direct repeats, designated attL and attR, which are associated with a tRNA lys gene ( Figure 1 ). An integrase gene homologous to xerC is adjacent to attR and provides an int-spacer-att motif thought to be involved in excision and integration of genomic islands [12] . The organization of predicted ORFs within PPHGI-1 is shown in Figure 1 (see also Table S3 available in the Supplemental Data with this article online). Sequence annotation revealed 100 predicted ORFs organized into modules that are distinguished by G + C composition, the presence of direct repeats or inverted repeats, or by association with integrases. The most striking feature of PPHGI-1 is the clear similarity to PAIs in bacterial pathogens of animals [13] and also ICElands found in diverse bacteria [14] .
In animal pathogens, changes in virulence are typically associated with the acquisition or deletion of entire PAIs (for example, PAI 1 of uropathogenic Escherichia coli [15] ) and the high pathogenicity island (HPI) of Yersinia pseudotuberculosis and Y. pestis [16] . Remarkably, in PPHGI-1 there are 74 coding regions with similarity to ORFs previously shown to be located in PAIs in other bacterial pathogens. For instance, adjacent to avrPphB is a group of ten genes (pilL to pilM) similar to a type IV pilus biosynthetic cluster found on the PAI SPI-7 in Salmonella enterica [17] . Additional highlights include a region between PPH.27 and PPH.55, which contains genes encoding putative chemotaxis proteins, signaling kinases and bacteriophytochrome.
Genomic islands have also been implicated in the transfer of other traits that improve fitness in certain niche environments; for example, the clc ICEland element for chlorobenzoate and chlorocatechol degradation in the Pseudomonas sp. strain B13 [14] . The ICEland classification of PPHGI-1 is justified by the presence of the int-spacer-att motif and other conserved ORFs highly similar to genes in X. fastidiosa [7] .
Evolution of Bacterial Virulence Occurs in Bean
Leaves Undergoing the HR and Involves XerC-Mediated Excision of PPHGI-1 We detected loss of the genomic island after passaging 1302A through bean leaves undergoing the resistant reaction (see Supplemental Experimental Procedures). Inoculation with suspensions of 1302A causes a rapid HR in bean cultivar (cv.) Tendergreen, which has the R3 gene for resistance. Recovery of bacteria from tissue undergoing the HR and then cycling them repeatedly for five passages through Tendergreen leaves led to a clear change in the plant's response from a rapid HR to water-soaking symptoms typically caused by virulent strains of Pph (Figure 2A ). This observation implied that there was an increase in numbers of virulent cells within the population. To test this we repeated the experiment and isolated 200 single colonies from each passage for pathotype, testing on Tendergreen pods. At passage three, 75% of the colonies tested caused disease symptoms, i.e., had lost avrPphB, whereas the remainder, as seen in the original 1302A, activated a rapid HR ( Figure 2B ). PCR of isolates confirmed that the change in virulence was due to deletion of PPHGI-1 and the resulting loss of avrPphB. By contrast, when 1302A was Arrowed boxes represent putative individual ORFs and their orientation. Color and pattern of the ORFs correspond to predicted protein function shown in the key. Blue shading highlights ORFs similar to genes found in Xyllela fastidiosa and conserved in ICElands [7] . Boxes indicate the position of att sequences, direct repeats (DR), and inverted repeats (IR) defining a modular structure. Size is marked in kb. passaged five times through the susceptible cv. Canadian Wonder (lacking R3), the frequency of race change was less than 2% ( Figure 2B ). The high rate of evolution in bacteria passaged through Tendergreen suggested that there was strong selective pressure within the resistant plant to lose PPHGI-1. We repeated the experiment with race 3 strain 1301A and three other race 4 strains, 1448C, 1376A, and 2233A, all of which carry avrPphB. Each strain displayed race change in Tendergreen due to PPHGI-1 and avrPphB excision (Table 1) . Twelve hundred single colonies from cultures of 1302A grown overnight in Luria broth (LB) and minimal medium (MM) were also tested in Tendergreen pods. Only one isolate, derived from the LB culture, displayed in vitro race change.
The plant passage experiments successfully demonstrated the dynamics of the shift in virulence to bean not only with 1302A but also with other race 3 and race 4 strains containing avrPphB. We have, therefore, been able to follow the evolution of microbial pathogenicity within host tissues and occurring from the starting point of isogenic cultures. Such changes in bacterial virulence in pathogens of plants and animals have previously only been inferred to take place from comparative genomic analyses of strains with differing virulence characteristics; for example, see [18] .
Recent reports describe that the excision of the HPI and she PAI from Shigella flexneri are dependent on the xerC-like integrases in the islands [12, 19, 20] . The requirement of the xerC integrase for rapid excision of PPHGI-1 was confirmed by gene disruption experiments. Two insertion mutants of xerC were constructed by using a kanamycin resistance cassette (1302A::int2 and 1302A::int6) and evolution of virulence compared with wild-type 1302A and a mutant carrying the insertion within PPHGI-1, but in a noncoding region (1302A::NCR). No virulent colonies were recovered from the xerC mutants even after five rounds of passage through cv. Tendergreen, whereas revertants of 1302A::NCR were found at the same frequency as wild-type 1302A.
Excision of PPHGI-1 Generates a Circular Episome and Requires xerC
The similarity of PPHGI-1 to other ICElands suggests that the island integrates and excises at the tRNA locus via an episomal circular intermediate. The existence of circularized forms of the excised DNA was examined using primers directed outwards from the internal boundaries of PPHGI-1. By using an extended 40 cycle PCR, we obtained a product from a 1302A LB broth culture, but not from RJ3, which had lost PPHGI-1 ( Figure 3A) . DNA sequencing of the 1302A product identified a 52 bp sequence that corresponded to the reconstituted att locus in tRNA lys ( Figure 3B ), confirming the presence of a circular molecule. The low yield of product suggested that the episome was present in a rare subpopulation of cells. No PCR products were recovered from the xerC mutants 1302A::int 2 or 1302A::int 6 ( Figure 3C ).
Expression of the PPHGI-1 xerC Integrase Is Induced in the Plant Excision of PPHGI-1 occurs at high frequencies in planta and requires the xerC integrase (PPH.100). To test the hypothesis that excision occurs in response to plant signals, transcription of the integrase component of the int-spacer-att motif was quantified with real-time PCR in vitro and in bean leaves. A low level of constitutive expression in LB was increased about 3-fold in minimal medium and up to 50 fold in Tendergreen leaves (Figure 4) . Expression of xerC was maximal at 4 hr postinoculation. Levels of the xerC transcript were increased in both susceptible (Canadian Wonder) and resistant (Tendergreen) leaves, but were significantly higher in the latter.
Transcription of xerC was greatly increased in the plant, particularly within leaves undergoing the HR, but on the basis of differences recorded in xerC expression alone, it appears that conditions occurring after the onset of the HR are not absolutely required for excision to occur. It is, however, only under the stress of the antimicrobial environment generated by the HR that bacteria lacking the episome containing avrPphB are rapidly selected within infected tissue. Good candidates as stress factors are the active oxygen species, such as NO and H 2 O 2 , which are known to be generated during the HR [21, 22] . Studies by Burrus and Waldor [23] suggest that the SXT ICEland in Vibrio cholerae, like PPHGI-1, is only lost from the cell under selective pressure.
Comparative Analysis of P. syringae Strains Reveals Related Genomic Islands
Comparison of the PPHGI-1 sequence with the sequenced genomes of three P. syringae isolates identified related regions in P. syringae pathovar (pv.) syringae B728a and P. syringae pv. tomato DC3000 ( Figure S1 ). Intriguingly, the region appears to be absent from the closely related bean pathogen P. syringae pv. phaseolicola strain 1448A, although gene synteny flanking the tRNA lys was observed between 1448A and RJ3, the 1302A derivative lacking PPHGI-1 [11] .
In B728a, a genomic island of 115 kb (designated GI16 [24] ) has extensive similarity to PPHGI-1. The clearest conserved regions include the left direct repeat (attL), the module adjacent to attL that is conserved in all ICElands, the type IV pilus biogenesis cluster, and the region close to the right junction of the element that encodes the integrase and genes with weak similarity to conjugation functions. However, the integrase in GI16 appears to be truncated and the direct repeat (attR) associated with the int-spacer-att motif has been replaced by another gene cassette. A similar 54 kb island in DC3000 possesses the characteristic int-spacer-att motif at the right junction, but the integrase is also truncated and the attL site is absent, suggesting that this region may be anchored. The conserved backbone of the islands is disrupted by variable gene cassettes in each pathovar containing, for example, avrPphB in 1302A, a copper and arsenic resistance gene cluster in B728a, and a number of insertions carrying genes predicted to encode candidate type III effector proteins in DC3000 ( Figure S1 ).
Primers designed to amplify ORF PPH.07 (PCR1, a Xyella homolog conserved in ICElands) and the variable region carrying avrPphB (PCR2) in PPHGI-1-generated products from 21 strains representing seven pathovars of P. syringae (details are given in Table S1 and Figure S1) . Depending on the size of the PCR2 amplicon, strains were separated into six groups. The products of representative members of each group were sequenced, and all were found to contain coding regions. The ORFs identified (listed in Table S1 ) included avrPphB from all race 3 and race 4 strains of Pph and the well-characterized effector avrRpt2 from P.s. pv. tomato strain JL1065 [25] .
Conclusion
We have shown that a dramatic change in virulence of the plant pathogen Pph is caused by loss of a genomic island (PPHGI-1) that shares strong similarities with ICElands found in diverse proteobacteria, including plant and animal pathogens, symbionts, and saprophytes such as Burkholderia fungorum, Mesorhizobium loti, Pseudomonas aeruginosa, Pseudomonas sp. strain B13, Salmonella enterica, Vibrio cholerae, and Xanthomonas axonopodis [7, 13] . The syntenic core within the related ICElands appears to be involved in genome excision and mobility [26] . For example, PPHGI-1 encodes a phage-like integrase of the XerC lineage, adjacent to a copy of a highly conserved 52 bp attachment site. Related integrase genes are present on all the GIs previously shown to excise and/or integrate within conserved attachment sites; for example, SaPIbov2 [27] and VPI [28] . ICElands appear to have evolved a conserved backbone, encoding genes for excision and transfer and carry variable regions (cassettes) that presumably confer a selective advantage to the host bacterium within certain environments.
There is a clear selective advantage in the acquisition and retention of ICElands that contain genes encoding obviously beneficial functions such as heavy metal tolerance. There are, however, several examples of this type of genomic island in which value to the host bacterium is not immediately apparent [7] . The remarkable feature of race change involving avrPphB is that the loss of a complete 106 kb genomic island does not appear to compromise the ability of the bacterium to grow and cause disease within the plant (see Figure 2 and Figure S2 ). Like some other avirulence genes, avrPphB has not been shown to have a positive virulence (effector) function in bean varieties, such as Canadian Wonder, that lack the cognate resistance gene R3 [11, 29] .
The race 3 and race 4 strains of Pph that contain PPHGI-1 originate from upland regions of East and Southern Africa [8] . We suggest that accessory gene clusters on PPHGI-1 confer a selective advantage under local conditions that have not been tested in this investigation. Given that PPHGI-1 encodes a type IV pilus and a series of proteins probably involved in photosensory and chemotactic signaling, the island may improve epiphytic and saprophytic fitness under African conditions Expression in LB was measured after an overnight incubation, after which bacteria were centrifuged, washed, and resuspended in MM for the additional measurements. Data shown are the means (6SEM) of three replicates, and letters above columns indicate measurements shown by ANOVA to differ significantly (p = 0.05). The differences between CW and TG after 4 hr, and levels recorded in vitro were highly significant (p = 0.015).
of high light intensity rather than functioning as a PAI within bean. PPHGI-1 may be important at stages of the generative cycle that take place outside the plant host. If PPHGI-1 is essential for survival of Pph under African conditions, the introduction of the R3 gene into locally adapted bean varieties may achieve durable disease control in this important staple food crop.
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